Chronic treatment with acrylonitrile (ACN) has been shown to produce a dose-related increase in glial cell tumors (astrocytomas) in rats. The mechanism(s) for ACN-induced carcinogenicity remains unclear. While ACN has been reported to induce DNA damage in a number of short-term systems, evidence for a genotoxic mechanism of tumor induction is the brain is not strong. Other toxic mechanisms appear to participate n the induction of tumor or induce the astrocytomas solely. In particular, nongenotoxic mechanisms of carcinogen induction have been implicated in this ACN-induced carcinogenic effect in the rat brain. One major pathway of ACN metabolism is through glutathione (GSH) conjugation. Extensive utilization and depletion of GSH, an important intracellular antioxidant, by ACN may lead to cellular oxidative stress. The present study examined the ability of ACN to induce oxidative stress in male Sprague-Dawley rats. Rats were administered ACN at concentrations of 0, 5, 10, 100, or 200 ppm in the drinking water and sampled after 14,28, or 90 days of continuous treatment. Oxidative DNA damage indicated by the presence of 8-hydroxy-2'-deoxyguanosine (OH8dG) and lipid peroxidation indicated by the presence of malondialdehyde (MDA), a lipid peroxidation product, in rat brains and livers were examined. The levels of reactive oxygen species (ROS) were also determined in different rat tissues. Both the levels of nonenzymatic antioxidants (GSH, vitamin E) and the activities of enzymatic antioxidants (catalase, superoxide dismutase, glutathione peroxidase) in rat brains and livers were measured. Increased levels of OH8dG, MDA, and ROS were found in the brains of ACN-treated rats. Decreased levels of GSH and activities of catalase and SOD were also observed in the brains of ACN-treated rats compared to the control group. Interestingly, there were no changes of these indicators of oxidative stress in the livers of ACN-treated rats. Rat liver is not a target for ACNinduced carcinogenesis. These data indicate that ACN selectively induces oxidative stress in rat brain at doses that produce carcinogenesis in Chronic treatment Studies.
' Abbreviations used: ACN, acrylonitrile: OH8dG, 8-hydroxy-2'-deoxyguanosine; dG, 2'-deoxyguanosine; OH, hydroxyl free radical; 2,3-DHBA, 2,3-dihydrobenzoic acid; SA, salicyclic acid; MDA, malondialdehyde; GSH, rubber. In chronic bioassays, acrylonitrile has been shown to produce a dose-related increase in glial cell tumors (astrocytomas) in rat brain (1, 2) . The mechanism(s) by which ACN produces astrocytomas in rodents remains unclear. While ACN has been shown to be metabolized into cyanoethylene oxide, which is able to bind to DNA in rat livers, no ACN-related DNA adducts have been demonstrated in rat brains after ACN treatment (3) . It therefore is possible that direct DNA damage is either not involved in astrocytoma formation or represents a secondary mechanism for the observed cancer induction in rats.
The induction of oxidative stress in the target tissue has been suggested as a possible mechanism of chemical carcinogenesis (4, 5) . Oxidative stress is defined as "a disturbance in the prooxidant/antioxidant balance in favor of the former, leading to potential damage" (6) . Under normal conditions, cells live in a balance of prooxidants and antioxidants. Exogenous xenobiotics and endogenous compounds can disturb this balance by enhanced generation of free radicals and/or decreased antioxidant capacity. Oxidative stress can participate in all of the stages of the carcinogenesis process including initiation, promotion, and progression (4, (7) (8) .
A possible role for the participation of oxidative stress in the carcinogenicity of ACN is supported by several observations. A major pathway of ACN metabolism is GSH conjugation (9) . By depleting GSH, ACN may decrease the antioxidant levels of the cells leading to an overall increase of intracellular ROS and oxidative damage. ACN is also metabolized by cytochrome P450 to generate cyanide ions. Administration of cyanide has been found to cause lipid peroxidation in the brain in mice (10) . In addition, the brain may be vulnerable to oxidative damage because it has a large oxidative capacity and is relatively poor in antioxidant enzyme capacity compared to other organs (11) . Therefore, the formation of ACN-induced astrocytomas in rats may involve oxidative stress. However, the issue whether ACN causes oxidative stress in rat brain is unresolved.
The objective of the investigation presented here was to examine the oxidative effects of ACN on the brain cortex of male Sprague-Dawley rats. As a comparison, the effects of ACN in rat liver (a non-target organ of ACN-induced carcinogenicity) were also investigated. Due to the increasing interests in the relationship of oxidative stress and a variety of pathological conditions, several biomarkers have been shown to be important in assessing the oxidative effects of a compound (8, 12) . In the present study, 8-hydroxy-2'-deoxyguanosine, an oxidative DNA product, was employed as an indicator of oxidative DNA damage. Oxidative lipid damage was determined by the presence of free malondialdehyde (MDA), the end product of lipid peroxidation. Several approaches have been developed to detect the levels of intracellular prooxidants. Aromatic hydroxylation using a salicylic acid trapping agent to quantitate "OH has been developed by Floyd et al. (13) . Hydroxyl free radicals react with salicyclic acid at a diffusion limited rate to generate 2,3-and 2,5-dihydroxybenzoic acid (DHBA) (14) . Nonenzymatic antioxidants (GSH, vitamin E) and enzymatic antioxidants (superoxide dismutase, catalase, and glutathione peroxidase) were also investigated. Overall analysis of these oxidative indices showed that ACN induced oxidative stress in rat brain in a dose-dependent manner, but not in rat liver.
MATERIALS AND METHODS
Chemicals. ACN (Purity of 99+%) was purchased from Aldrich Chemical Company, Inc. (Milwaukee, Wl). All other compounds were purchased from Sigma Chemical Company (St Louis, MO). NIH-07 diets were formulated by Dyets (Bethlehem, PA).
Animals and experimental design. Six-week-old male Sprague-Dawley rats were purchased from Harlan Sprague-Dawley Co. (Indianapolis, IN). Rats were housed in polycarbonate cages in an AAALAC-certified animal facility and acclimated for 2 weeks before the start of treatment. All rats were maintained in accordance with the NIH Guide for the Care and Use of Laboratory Animals. During the acclimation period, rats were provided with diet (NIH-07) and water ad libitum. Rats were randomly placed into one of five treatment groups. ACN at concentrations of 0, 5, 50, 100, or 200 ppm was administered in deionized drinking water to the rats. Rats were killed after 14, 28, or 90 days of continuous treatment. These concentrations were selected from those used in previous chronic carcinogenic studies (I, 2) . To measure reactive oxygen species, salicylate hydroxylation assay was used. Three rats from each treatment group were administered salicylic acid in 0.9% NaCI solution (100 mg/kg body wt) by intraperitoneal injection 12 h before sampling. At sampling time, rats were killed by CO 2 asphyxiation, weighed, and necropsied. The brains and the livers were removed in tow, weighed, and snap frozen in liquid nitrogen and preserved at -80°C until analysis. Since rat astrocytomas were predominately found in the brain cortexes (75%) (2) . the brain cortexes and livers of six animals from each treatment group were randomly sampled for the measurement of oxidative end points.
Measurement of OH8dG
. DNA from rat brain cortexes and livers (six animals per treatment group) was isolated by a modified procedure of Marmur's (15) for HPLC analysis of OH8dG as described by Chung et al. (16) . Briefly, 150-200 mg of tissue was homogenized in 1 ml of 15 mM NaCI and 50 mM trisodium citrate (pH 7.0) with a stainless-steel tissue homogenizer. The homogenate was transferred to a 1.5-ml microcentrifuge tube and centrifuged (6000g). Lysis buffer (0.5 ml) (10 mM Tris-I mM EDTA-1% SDS. pH 7.0) was added to the pellet and the cells were broken with a pipette. To this mixture 10 units of proteinase K was added and the mixture was incubated in a water bath at 37°C for 20 min. The mixture was then extracted with 0.5 ml of chloroform:isoamylalcohol (24:1). After extraction, DNA was precipitated with cold alcohol and centrifuged (12,000g, 15 min.). The obtained pellet was digested again with 5 units of RNase A (37°C, 10 min) and followed by 10 units of proteinase K (37°C, 30 min.). The protein was extracted and DNA pelleted as before. The obtained DNA samples were dissolved in 200 /xl of 10 mM Tris-HCl buffer. The DNA solution was digested with 10 units of nuclease P, (37 C C, 60 min), followed by 14 units of alkaline phosphatase (37°C, 60 min.). After centrifugation (12,000g, 10 min), the supernatants were removed for HPLC analysis. OH8dG was detected by an ESA Coulochem II detector set at +400 mV potential, 0.5 /xA range, and 2'-deoxyguanosine (dG) was detected on Waters photodiode array detector set at 260 nm. The amount of dG and OH8dG was quantitated from the respective standard curves. The ratio of OH8dG to dG was compared among different treatment groups to indicate the oxidative DNA damage.
Measurement of MDA (hydrazine derivative method). MDA was measured in rat brain cortexes and livers as described (17) . Briefly, 100 mg of tissue (six animals per treatment group) was homogenized in 1 ml of 0.1 M cold percholric acid with 2 mM EDTA in a Potter-Elvehjem tissue grinder with PTFE pestle (Fisher Scientific Co.) for 10 s. The homogenate was centrifuged at 5000g (4°C) for 5 min. 2,4-Dinitrophenylhydrazine (DNPH) solution (15.65 mM) was added to the supernatant. The solution was incubated at room temperature for 60 min and then extracted with 400 /xl of pentane for 10 min. The pentane layer was removed to a new conical tube, and pentane was evaporated off under nitrogen gas. The residue was dissolved in 200 /xl of mobile phase (49% aqueous acetonitrile) and analyzed by HPLC. The malondialdehyde-hydrazine adduct was detected on a Waters 484 tunable absorbance detector set at 330 nm. The amount of DNPH derivatives from each sample was calculated using a calibration curve.
Detection of hydroxyl free radical. ROS formation in the tissues of ACN-treated rats (six animals per treatment group) was measured based on the method of Floyd et al. (14) . Briefly, 200 mg of tissue from rats treated with ACN and salicylic acid was homogenized in 1 ml of 10% trichloroacetic acid (TCA). The homogenate was centrifuged (12,000g, 10 min). The supernatant was injected into HPLC. The presence of 2,3-DHBA was monitored by an ESA Colouchem II detector set at 0.5 /xA range, +35OmV potential. Salicyclic acid was detected by Waters photodiode array detector set at 298 nm. The amount of 2,3-DHBA and salicylic acid was calculated using respective standard curves. The ratio of 2,3-DHBA to SA was compared as a reflection of the formation of ROS.
Measurement of GSH.
GSH was analyzed by a HPLC-EC method previously described (18) . Briefly, 100 mg of tissue was homogenized in 1 ml of cold 0.1 M perchloric acid with 2 mM EDTA in a Potter-Elvehjem tissue grinder with PTFE pestle for 10 s. The homogenate was kept on ice for 10-15 min and then centrifuged (5000g, 5 min). The supernatant was immediately injected into HPLC for analysis. GSH was detected by an esa Colouchem II set at +1.0 V potential, 0.5 /xA range. The amount of GSH was calculated according to the standard curve, and the value was compared among different treatment groups to indicate the effect of ACN on this free radical scavenger.
Measurement of vitamin E.
Vitamin E (a-tocopherol) content in the tissues of ACN-treated rats (six animals per treatment group) was analyzed by the method of Arnaud et al. (19) . Shortly, 100 mg of tissue was homogenized in 1 ml of deionized water using a Potter-Elvehjem tissue grinder with PTFE pestle for 10 s. Three-hundred microliters of a 0.1 M SDS solution was added to 300 /xl of the homogenate and vortexed gently for 15 s. Then, 600 /xl of cold ethyl alcohol was added and vortexed for 30 s. The mixture was extracted with 600 /xl of hexane and centrifuged (3000g. 5 min.). The hexane layer was removed, and the hexane was evaporated off under nitrogen gas. The residue was dissolved in 200 /xl of the mobile phase (20% dichloromethane:70% acetonitrile: 10% methanol). Vitamin E was detected on a Waters 484 tunable absorbance detector set at 291 nm. and calculated according to a standard curve. The amount of Vitamin E was compared among different treatment groups.
Assays for antioxidant enzymes. Tissues (brain and liver) (six animals per treatment group) were homogenized in a buffer containing 0.32 mol/L sucrose. Note. Values represent the mean ± SD of the body weight, brain weight, and liver weight in ACN-treated male Sprague-Dawley rats (n = 6). * Statistically different from the control group (p < 0.05) as determined by ANOVA followed by Dunnett's post hoc test.
1 mmol/L EDTA, and 10 nmol/L Tris-HCl. The homogenate was centrifuged at 13,600g for 30 min, and the supernatant was collected for the measurement of antioxidant enzymes. An aliquot of the supernatant was assayed for protein content according to the method of Lowry et al. (20) .
Catalase activity was analyzed according to the method of Cohen et al. (21) by monitoring the enzyme-catalyzed decomposition of hydrogen peroxide using potassium permanganate. The assay required three reactions to run simultaneously. The first test tube contained 100 /xl of sample, the second test tube contained 100 /xl of water (blank), and the third test tube contained 100 /xl of 6 raM H 2 O 2 solution (standard). One milliliter of cold 6 mM H 2 O 2 solution was added to each test tube and the mixture was vortexed. After exactly 3 min, 200 /xl of 6 N H 2 SO 4 was added to stop the reaction. A total of 1.4 ml 0.01 N KMnO 4 was added to each test tube and the mixture was vortexed. The absorbance was recorded at 480 nm within 30-60 s to avoid precipitation of reactants. One unit of enzyme activity equals */(0.00693) (22) , where k = log (V-S 2 ) X (2.3/r), S o is absorbance of standard minus absorbance of blank, S 2 is absorbence of standard minus absorbance of sample, and (is time interval.
SOD assay was based on the inhibition of the autooxidation of pyrogallol (23) . Briefly, 200 /xl supernatant was mixed with 750 /xl of Tris-cacodylic buffer (50 mM Tris HC1, 50 mM cacodylic acid, 1 mM diethylenetriamine pentaacetic acid, pH 8.2) and 250 /xl of 2 mM pyrogallol. Absorbance at 420 nm was recorded for 3 min. One enzyme unit is defined as the quantity of SOD required to produce 50% inhibition of autooxidation.
GSH-Px was measured by the method of Lawrence and Burk (24) . In brief, an aliquot of 100 /xl homogenate was mixed with 800 /xl of reaction mixture (1 mM EDTA, 1 mM NaN 3 , 0.2 mM NADPH, and 1 mM GSH in PBS buffer) and 100 /xl (10 units) of glutathione reductase. The mixture was vortexed and incubated at room temperature for 5 min. Absorbance was recorded at 340 nm for 3 min. Results are reported as nmoles of NADPH oxidized per minute per milligram of protein.
Statistics. Statistical difference (p < 0.05) from the control values for all data was determined by ANOVA followed by a Dunnett's post hoc test (25) .
RESULTS
All rats survived the treatment period. Water consumption was measured in each treatment group weekly throughout the entire study. The concentration of ACN in the drinking water was also determined by gas chromatographic analysis. Based on these measurements, the average uptake of ACN over the 90-day treatment period was 0.0, 0.6, 5.1, 8.9, or 15.0 mg of ACN per kilogram of body weight per day for the rats receiving 0, 5, 50, 100, or 200 ppm of ACN. No statistical differences in body weights were seen between the treatment groups after 14 and 28 days of treatment. However, after 90 days, a statistically significant reduction of the body weight was observed in the 200 ppm treatment group compared to the control groups (Table 1) . No statistical differences in brain weights and liver weights were observed in the treatment groups at any sampling times (Tables 1).
The effects of ACN on oxidative DNA damage in brain cortexes and livers of the rats after 14, 28, and 90 days of treatment are shown in Fig. 1 . Increased formation of OH8dG in the brains was observed in 100 and 200 ppm groups after 14 days of treatment. This elevation of OH8dG continued through 28 and 90 days of treatment in these groups. Rats receiving 50 ppm ACN also showed elevated levels of OH8dG formation in the brain after 28 and 90 days compared to their respective control groups. No statistically significant increase in OH8dG production in rat brain was observed in the 5 ppm ACN treatment group during the three sampling periods. The effects of ACN on the oxidative DNA damage in the livers of the rats in the five groups were also examined. No changes in OH8dG levels were found in the rat livers at any of the doses of ACN examined.
The effects of ACN on lipid peroxidation measured by the formation of free MDA in the brains and livers of the rats among five treatment groups are summarized in Fig. 2 . After 14 days of treatment, a statistically significant increase of MDA was observed in the brain cortex of rats receiving 200 ppm of ACN. No significant changes in MDA production in rat brain were observed after 28 and 90 days of treatment. There were no statistically significant differences of MDA formation in the livers of rats among five treatment groups after 14, 28, and 90 days of treatment. treatment groups and the control groups during any treatment duration. No significant differences of 2,3-DHBA formation were observed in the livers of ACN-treated rats.
The effects of ACN on the depletion of GSH in the brains and livers of rats in five groups after 14, 28, and 90 days of treatment are shown in Fig. 4 . A slight but statistically significant decrease of GSH was observed in the brain cortex of rats receiving 50, 100 and 200 ppm of ACN after 14 days of treatment. A statistically significant reduction of GSH was also seen in the brain cortexes of the rats treated with 50 and 200 ppm of ACN for 28 days. There were no significant differences of GSH content in the rat brain cortexes after 90 days of treatment. No reduction of GSH levels in the livers of rats was seen after ACN treatment. treatment except for the 5 ppm ACN treatment group, whose catalase activity recovered after 28 and 90 days of treatment. On the other hand, the catalase activity in the livers of rats treated with ACN at concentrations of 50 ppm and above were elevated when sampled at 14 days. After 28 and 90 days, the activities returned to the control level. 
DISCUSSION
In this study, acrylonitrile induced a dose-dependent increase in the levels of oxidized guanine base selectively in rat brain cortexes as indicated by the increased ratio of OH8dG to 2'-deoxyguanosine. At 5 ppm (a dose that did not induce astrocytomas in chronic feeding studies), ACN did not demonstrate an effect of oxidative DNA damage. ACN did not cause changes of OH8dG in rat livers (the nontarget tissue for cancer development) at any doses or time points examined. Therefore, ACN caused oxidative DNA damage in a dose-and tissue-specific manner, which correlated with its carcinogenic effects during the chronic studies. The concentration of OH8dG in a tissue reflected an overall result of two counteracting processes: generation and repair. Hirano and associates reported a lower repair activity toward OH8dG in rat brain compared to that in rat liver (26) . It is possible that the repair enzymes in rat brains are more susceptible to ACN modification due to their lower concentrations leading to an increased OH8dG seen. However, the enhanced levels of ROS (indicated by 2,3-DHBA) in rat brain cortex pointed toward an increased rate of OH8dG generation as a potential mechanism of ACNinduced oxidative DNA damage. Because OH8dG is known to cause GC to TA substitution in DNA (27) , the levels of OH8dG formation may be of significance in several diseases including cancer. Indeed, it has been suggested that levels of OH8dG induced by chemical carcinogens may correlate with their carcinogenic potentials (28, 29) . A two-to fourfold increase of OH8dG as seen in the present study has been shown to be induced by several carcinogens in their target organs during either acute or chronic exposure (30) (31) (32) . It is important to realize that in the process of chronic exposure to animals in the production of cancer, small, albeit significant, changes over chronic exposure may contribute to the production and/or selection of neoplastic lesions.
Lipid peroxidation is another marker of oxidative stress and oxidative damage. In a study performed by Ivanov et al. (33) , lipid peroxidation measured by an increased exhalation of ethane was observed after intraperitoneal administration of ACN at a dose of 25 mg/kg body wt in rats. In the present study, ACN produced an increase of MDA at the highest concentration examined (200 ppm) after 14 days of treatment in rat brain cortexes. This increase was not seen after longer treatment periods. This may be explained by either a compensatory increase of antioxidant capacity against oxidative lipid damage or enhanced repair mechanisms. ACN did not cause an oxidative lipid damage in rat livers. It is well documented that MDA undergoes reactions with amino acid (34) protein (35) and nucleic acid (36) . The presence of MDA has been implicated in aging, mutagenesis, and carcinogenesis.
The formation of hydroxyl free radical was detected by salicylate hydroxylation assay. ACN showed a dose-dependent increment in 2,3-DHBA levels in rat brains at concentrations (50, 100, and 200 ppm) that induce glial cell tumors in chronic studies. At a concentration of 5 ppm, ACN did not increase 2,3-DHBA levels in rat brain. No changes of 2,3-DHBA were observed in rat livers at any time points tested. The fact that ACN produced reactive oxygen free radicals in a dose-dependent manner correlated with the increased OH8dG levels shown in rat brain cortexes. The lack of free radical generation in rat liver also supported the negative results of OH8dG formation in this nontarget organ of ACN carcinogenicity. Many carcinogens have been shown to selectively induce reactive oxygen species in the target organs or species. A previous study has shown that dieldrin, a selective hepatic carcinogen in mice but not in rats, caused an increase of ROS indicated by 2,3-DHBA in isolated mouse hepatocytes, but not in rat hepatocytes (37) .
A tissue-specific depletion of GSH by ACN was observed at early time points in rat brain cortexes. However, the concentrations of GSH in rat brain recovered to the control level after 90 days of treatment even at the highest concentration of ACN (200 ppm). This could be possibly accounted for by a compensatory increase of GSH synthesis. Considering the fact that ACN caused oxidative DNA damage and increased ROS levels at 90 days of treatment, GSH depletion may have only partially contributed to ACN-induced oxidative stress in rat brain cortexes. ACN did not deplete GSH in the rat livers, which is in accordance with the results showing no effects of oxidative DNA damage in rat livers. Glutathione is an important intracellular antioxidant found in high concentrations in nearly all living cells (38) . One important function of GSH is to detoxify a variety of endogenous and exogenous free radicals to protect the cells from oxidative damage. Reduction of intracellular GSH levels has been implicated in the pathogenesis of a number of degenerative conditions and diseases including cancer (38) . It has been suggested that astrocytes represent the major pool of GSH in brain (39) . Impairment of GSH content in astrocytes may render them more susceptible to oxidative damage.
Vitamin E is another intracellular free radical scavenger, which is of importance in protecting plasma membrane from oxidative damage. ACN caused a slight decrease of vitamin E in rat brain cortexes at early time points. This observation agrees with the results of slight lipid peroxidation observed in rat brain cortexes. At later time points, the levels of vitamin E partially recovered. This could be due to increased uptake and/or transportation of vitamin E to this organ. No changes of vitamin E levels were observed in rat liver after ACN expo-sure, which supported the fact that ACN did not induce MDA production in rat liver.
SOD, catalase, and Glu-Px are intracellular enzymatic antioxidants, which are responsible for disposing reactive oxygen species such as hydrogen peroxide and superoxide free radicals. In this study, the basal levels of activities of these three enzymes in the brain cortex of the rats were found to be much lower than those in the liver. This is in accordance with a previous investigation (40) . The effects of ACN on the suppression of the activities of catalase and SOD appeared to be tissue specific. Decreased activities of catalase and SOD were found in the brains of ACN-treated rats. The mechanisms by which ACN decrease the activities of these enzymes in rat brains are not known. One possibility is that ACN binds to and inactivates the enzymes. The brain may be more susceptible to this damage because of its lower basal levels of activities. It has been reported that ACN can interact with the sulfhydryl groups of protein (41) . However, more effort should be conducted to probe other possibilities, such as the possible effects of ACN on the transcription and translation levels of the enzyme formation.
In summary, ACN following subchronic treatment selectively induced oxidative stress in rat brain cortexes compared to rat liver. This induction of oxidative stress may be the result of the direct generation of free radicals by ACN (or a metabolite), stimulation of free radical-generating systems by ACN metabolism, direct binding of ACN (or metabolite) to free radical scavengers (GSH, vitamin E, vitamin C), modulation the activity and/or formation of antioxidant enzymes (SOD, catalase, glutathione peroxidase), or interference with electron flow through respiratory chain in the mitochondria by inhibiting cytochrome C oxidase through cyanide ion, a metabolite of ACN. These potential mechanisms of action of ACN are currently under further investigation in our group.
The lack of oxidative stress in rat livers may be due to their higher levels of antioxidant capacity. In this study the basal levels of GSH and vitamin E in rat livers are higher than those in rat brains. The activities of enzymatic antioxidants (SOD, catalase, Glu-Px) are also greater in rat liver than those seen in rat brain. The apparent greater ability of the liver to detoxify oxidants compared to that of the brain might contribute to the selective neurotoxic effects induced by ACN in the rat.
